Intrinsically disordered (ID) proteins which lack stable secondary and tertiary structure in substantial regions (or throughout) are prevalent in eukaryotes. They exist as ensembles of rapidly fluctuating structures and many undergo coupled folding and binding reactions. Because ID proteins are overrepresented in major disease pathways they are desirable targets for inhibition, however, the feasibility of targeting proteins without defined structures was unclear. Recently, small molecules have been found which bind to the disordered regions of c-Myc, Aβ, EWS-Fli1, and various peptides. As with structured targets, initial hits were further optimized to increase specificity and affinity. Given the number and biological importance of ID proteins, the ability to inhibit their interactions opens tremendous potential in chemical biology and drug discovery.
Introduction
The large majority of drugs target enzymes or cell-surface receptors where small molecules can mimic many of the contacts and interactions of the natural substrate and modulate the protein function [1] . In the past several years, there has been much progress in understanding and inhibiting protein-protein interactions [2, 3] . A strong rationale for the expansion of efforts to target protein-protein interactions came from the understanding that the energy of protein-protein interactions was not distributed over the often large contact area in these interactions but rather may be concentrated in regions whose area better matched the surface that may be contacted by a small molecule [4] . These interactions have emerged as viable systems for inhibition by small molecules and as potential drug targets.
In this same period there has been a large expansion of the study and understanding of intrinsically disordered proteins (also known as intrinsically unstructured or natively disordered) [5] [6] [7] . Intrinsically disordered (ID) proteins do not have stable secondary or tertiary structure in substantial regions or throughout their sequence. Instead, they exist as an ensemble of rapidly interconverting structures. The prevalence of ID regions increases with increasing complexity in organisms and ID proteins have a wide range of functions that involve various degrees of disorder. Some functions involve coupled folding and binding interactions with partners while other interactions involve remaining essentially disordered, and still others require an intermediate, dynamic state [8, 9] . While binding of a small molecule to a disordered protein may seem counterintuitive, the range of intermolecular interactions demonstrated with ID regions makes their ability to generate an adaptable, specific interface for small molecule binding less unexpected. This review will highlight the desirability of targeting ID regions and will discuss several recent examples of small molecules binding to ID proteins.
Why ID proteins make good targets
The foremost reason to target ID proteins is their importance and over-representation in signaling and major disease pathways. Regions of disorder are found to be abundant in proteins associated with signaling, cancer, cardiovascular disease, neurodegenerative disease, and diabetes ( Figure 1) . The term "disorder in disorders" has been used to emphasize this prevalence of disordered regions within proteins associated with a wide ranges diseases [10] . A feature important to ID protein function is coupled binding and folding [11] . Many ID proteins become structured upon binding to a partner with the energy from specific interactions compensating for the entropic penalty from ordering [12] . These interactions are characterized by high specificity with low affinity which can be desirable in responsive interaction networks were reversible binding is critical.
Approximately 80% of yeast genes are not harmful if overexpressed, however those which are detrimental tend to be enriched in ID regions. The ID proteins are particularly prone to modulation by their concentration as many bind to multiple partners in dynamic interactions with modest affinities. Since the interactions are controlled by protein concentration, at high concentrations the force of mass-action can overcome the specificity of the interactions (the difference in energy between desired and undesired binding interactions) leading to additional binding [13] , thus providing an explanation for the toxicity. In line with this, the concentrations of ID proteins on a proteome scale are tightly regulated by transcript clearance, translation rate, and protein degradation [14] . The interactions of ID proteins with their partners, and the final output of that interaction, will likely be sensitive to modulation by binding of small molecules that can affect their affinity for binding partners.
Because of the absence of a stable three-dimensional structure, the primary sequence is truly the determinant of the ID binding sites. Disordered regions can be predicted with approximately 90% accuracy [15] . Within these regions the sequences that undergo binding interactions, molecular recognition features (MoRFs), have been analyzed based on the type of conformation adopted in their complex [16] , and predictors of MoRFs have been developed [17] . MoRFs have been proposed in drug design where they would be used to identify structured binding partners followed by determination of the complex structure. The MoRF would then be substituted by a small molecule [17] . This strategy is complementary to one considered here. Predictions of binding regions in disordered proteins have been carried out on multiple proteomes and their abundance is found to increase with increasing organism complexity [18] . The likely strong overlap in protein interaction sites and small molecule binding sites in ID proteins means there are already tools to predict and compare potential small-molecule binding sites on a proteome scale.
Targeting disordered c-Myc monomers
The c-Myc oncoprotein (hereafter referred to as Myc) is a transcription factor which regulates large numbers of genes important in key cellular processes such as growth, differentiation, metabolism, and apoptosis [19] [20] [21] . Myc's function requires association with its partner Max through a basic-helix-loop-helix-leucine zipper (bHLHZip) domain in each protein [22, 23] . The individual monomers are disordered and undergo coupled folding and binding upon dimerization (Figure 2a ). Myc overexpression occurs in most human cancers [21, 24] and the feasibility of targeting Myc was recently demonstrated in a mouse model [25] . Inhibition of its function has been sought by a variety of biochemical strategies (dominant negatives, antisense, and siRNA among others) [26] [27] [28] . Despite the difficulties of targeting protein-protein interactions, the potential of targeting Myc in cancer therapy led multiple groups to search for small molecules that could inhibit the Myc-Max interaction. After many of the inhibitors were discovered, several small molecules were demonstrated to be unfolding the Myc-Max dimer and specifically binding to the monomeric, disordered HLHZip region [29, 30] . The number of small molecules able to target Myc, the demonstration that the extensive (3206 Å 2 ) [23] Myc-Max protein interface could be disrupted by a small molecule binding to one disordered protein partner, and several other recent examples of small molecules binding to short unstructured peptide segments, have clearly established the feasibility of using small molecules to target ID proteins. Unique to the Myc binding molecules is their ability to force their target protein from a highly structured heterodimer into a monomeric, disordered form in order to bind (Figure 2 ). Examining the range of strategies, techniques, and outcomes used by multiple groups in finding and analyzing inhibitors of Myc provides useful insight into small molecule-ID protein interactions. The presumption is that all molecules that disrupt the Myc-Max dimer also bind to disordered monomers (either Myc, Max, or both) but that has not been demonstrated in all cases.
The first small molecule inhibitors of Myc-Max dimerization were found by screening 7000 compounds from combinatorial libraries. The initial screen yielded four related molecules from a peptidomemetic library [31] . Two of the molecules, IIA4B20 and IIA6B17 ( Figure  2 ), showed inhibition of Myc dependent cell growth. Both of these compounds also showed activity against cells transformed with Jun. Recently another combinatorial library was assembled using the same substituents as the original but built from a racemic, trans-3, 4 dicarboxylic acid core. Two molecules, mycmycin-1 and 2, were found that effectively inhibited Myc dependent cell growth; mycmycin-1 ( Figure 2 ) also showed strong inhibition of Myc-Max dimerization [32] . Neither mycmycin inhibited Jun dependent cell growth. This gain in specificity demonstrated an important aspect of ID proteins as targets: although they may interact with a variety of molecules, a subset of these molecules can display high specificity for the protein target.
The ability of ID proteins to bind diverse molecules was made evident by the discovery of a variety of inhibitors from a 10,000 member diversity library screened using a yeast twohybrid system to detect disruption of Myc-Max dimers [33] . The compounds were simultaneously tested for disruption of Id2-E47 HLH protein dimers. A set of structurally varied inhibitors were found: seven specific for Myc-Max, ten specific for Id2-E47, and 28 termed dual specific which inhibited both. Compounds were further tested against 32 additional HLH, HLHZip, or bZip interaction pairs. Compounds that disrupted only one of the original targets averaged less than one additional strong interaction, whereas the dual specific inhibitors tested averaged over three. The study showed that small molecules can readily be found that interact with ID proteins, but a majority of these molecules are likely to interact with additional, related proteins. Synthesis and screening of analogs of one of the parent compounds (10058-F4) led to modest increases in potency with several sites tolerating a wide range of groups, a potential general feature of these flexible complexes [34] . A set of these molecules was used to generate a pharmacophore model for 10058-F4 that was able to successfully predict additional inhibitory molecules with diverse structures [35] . The addition of 10058-F4 to Myc-Max dimers caused reversion to dissociated, disordered monomers with circular dichroism (CD) spectra that matched separated monomers [29] . Inhibitors that increase the flexibility of their binding sites are receiving increased attention as some molecules, such BCR-ABL inhibitors, appear to work in part by increasing backbone dynamics in some regions of their binding site [36, 37] . In this context, Myc inhibitors can be seen as extreme allosteric effectors [38] .
Screening of additional combinatorial libraries, diversity libraries, and natural products all yielded Myc-Max dimerization inhibitors. A 285 compound "credit card" library specifically designed to target protein-protein interactions was tested [39] . The molecules were screened for their ability to disrupt Myc-Max dimerization, inhibit specific DNA binding, and inhibit oncogenic transformation. Two compounds, NY2267 and NY2280 (Figure 3 ), were active in each assay. In transcriptional assays the selected compounds reduced Myc dependent transcription but also showed similar inhibition of a c-Jun dependent transcript. The screening of diversity libraries identified Mycro1 and Mycro2 (Figure 3) as inhibitors of Myc-Max DNA binding and transcription from a Myc reporter gene [40] . However, inhibition of Max-Max DNA binding and repression of transcription from an AP-1 dependent reporter was also seen. Screening >1400 Mycro derivatives identified Mycro3 which showed strong suppression of Myc based transcription with no inhibition against AP-1 [41] . Dihydroxycapnellene (Figure 3) , a sesquiterpene isolated from soft coral, exhibited antiproliferative activity against cancer cells and disrupted Myc-Max interaction in a yeast two-hybrid assay [42] . Given the range of structures demonstrated to bind to Myc, it would have been surprising if natural products with similar activity were not found. Several groups have also isolated molecules that interfered with Myc activity but did not disrupt dimerization [43] [44] [45] .
Since there are no 'normal' binding sites on ID proteins, the whole region whose binding is inhibited serves as the potential binding site. For Myc-Max dimer disruption, the binding site could be located anywhere along the HLHZip region of either partner in the dimer. The Myc-Max inhibitors identified by Prochownik and coworkers have all been shown to bind to monomeric Myc [30] . Initially, the intrinsic fluorescence of 10058-F4 and another parent compound 10074-G5 were used to measure directly their binding to Myc. Using point mutants and deletions of Myc, two distinct binding sites were located [29] . These were confirmed by CD and NMR analysis using short, synthetic peptides comprising just the individual binding regions. Each of the remaining original seven inhibitors was tested for competition with 10074-G5 or 10058-F4 (Figure 3 ). All except 10074-A4 bound to one of the above sites. CD changes in Myc fragments and changes in backbone chemical shifts were used to identify 10074-A4's site as immediately adjacent to the 10074-G5 site. Inhibitors can simultaneously occupy each of the three sites with no detected changes in their affinity [30] . The identification of three separate binding sites within only 85 residues on Myc is a potential indicator of the prevalence in recognition regions of ID sequences that can support small molecule binding. Although the NMR data indicated that the complexes are rigidified in the binding region relative to the uncomplexed form, there is still substantial flexibility. The development and use of computational methods that explicitly deal with flexibility in ligand binding is increasing dramatically [46] . How well cases of very high flexibility, including backbone motion, can be dealt with is uncertain.
Substrate targeting and unbiased screening
Results with small-molecule γ-secretase modulators (GSMs) provide an example of the inversion of the typical paradigm: these inhibitors bind to a disordered substrate rather than an enzyme active site. The γ-secretase complex mediates cleavage of the amyloid-B peptide (Aβ) from the amyloid precursor protein (APP). When Kukar, Golde, and coworkers probed binding with biotin tagged photoactivated GSMs (Fen-B and Fluri-BpB, Figure 4) , they found binding occurred on the APP substrate rather than the enzyme target [47] . Using various truncations, the binding sites of both molecules was isolated to residues 29-36 of the soluble, presumably disordered [48, 49] , Aβ peptide. Labeling of the APP was competed by a minimal peptide Aβ28-36 confirming that this short sequence was capable of specific binding to the molecules. These molecules represent substrate targeted inhibitors (also called molecular clamps) which regulate enzyme activity by binding to and blocking a specific substrate leaving an enzyme free to act on other substrates [50, 51] . Sites of post-translational modification, such as proteolysis, are prevalent in ID regions [52] , making these a large class of targets for small molecules that bind ID regions.
The oncogenic fusion protein EWS-FLI1 contains a structured Ets domain but is predominantly disordered outside that region [53] . Using SPR, a library of 3000 molecules was screened for binding to immobilized EWS-FLI1 [54] . An initial hit was identified (NSC635437) and optimized to yield YK-4-279 (Figure 4) . The optimized molecule's affinity for its target (10 μM) was similar to those of many Myc inhibitors. The interaction of RNA helicase A with EWS-FLI1 was inhibited by YK-4-279 and was the presumed mechanism by which the small molecule inhibited EWS-FLI1 function in vitro and in vivo. The location of the YK-4-279 binding site and whether it is fully disordered is not known. However, the results show that small molecule binding to a largely disordered, full-length, protein can be directly detected via SPR and that binding of the small molecule occurs at a protein-protein interaction site despite the initial screen not being biased in any way.
A variety of unbiased screens have also been conducted in the opposite sense where short random (presumably disordered) peptides are displayed on phage and screened for binding to a particular small molecule [55] . In two separate experiments, immobilized paclitaxel captured consensus sequences on phage. In one case the peptide resembled a sequence in the disordered loop region of Bcl-2 and paclitaxel was subsequently shown to bind to recombinant Bcl-2 and increase the amount of structure in the protein [56] . The other consensus sequence mapped to NFX1 and paclitaxel binding was confirmed by pull-down assays and SPR [57] . Using phage display, in conjunction with SPR and quartz crystal microbalance (QCM) measurements, peptides capable of binding camptothecin, anti-tumor molecule NK109, and a trimannoside were also found [58] [59] [60] .
There are likely other cases of small molecules binding to disordered regions but the specific binding or the protein state is unconfirmed. Among these, there are many involving amyloidogenic proteins [61] . Congo red has recently been shown to act in a detergent-like manner [62] , and other small molecule amyloid inhibitors were found to act via colloidal aggregates [63] . Improvements in methods to monitor protein-protein and protein-small molecule interactions along with the knowledge that ID proteins can be the target for specific small-molecule binding will likely lead to increased examples of small molecule-ID protein interactions through confirmation of known interactions and discovery of novel ones.
Summary and Opinion
A question that arises in considering small molecules directed against ID proteins is whether the binding can truly be specific. There are two perspectives on this question. First, how many small molecules can a particular ID recognition sequence bind? Second, to how many other proteins can a small molecule that binds an ID sequence also bind? The malleability that ID proteins tend to display in binding to multiple, specific protein targets [64] is recapitulated in their interaction with small molecules. Presumably, the conformational flexibility of the peptide recognition element allows the plasticity to bind molecules with divergent structures with similar affinity. Some of the molecules selected for Myc binding also bound other transcription factors, however further optimization allowed the Myc binding to be selected. Thus it appears that ID proteins do bind to a large range of small molecules. This promiscuous binding is a major advantage in that finding an initial binding compound may be relatively simple. The affinity and especially the specificity of the compound can then be enhanced in standard molecular optimization procedures.
On the second part of the question, molecules that bind to ID sequences with very high specificity (based on screening a series of closely related proteins) have been found. However, finding a molecule from a screen with only partial selectivity for a given ID target is more likely. Counter screening at the library level or on selected compounds is a critical aspect of finding specific ID protein binding molecules. A recent study found that for 802 drugs, each one interacted with six different targets on average [65] . Thus even known, targeted drugs may not be as selective as was once believed. Most of the molecules that have been selected for ID protein binding come from standard 'drug-like' libraries or conform to similar constraints. The question can thus be reversed: whether one is targeting an ID protein or not, the potential for a given molecule to bind off-target sequences that are ID has to accepted.
When binding to small molecules, ID proteins seem to behave as they do when binding to partner proteins: they interact using specific segments of sequence (MoRFs or similar), they form various complexes with the same sequence binding to multiple targets, and they bind with high specificity but low affinity. Generating large increases in affinity will be a challenge in the further development of small molecule binders of ID proteins. While the interactions the molecules are competing with may also be low-affinity, tighter binding is desirable. In the case of Myc, the presence of multiple binding sites within even the compact bHLHZip region may provide substantial gains in affinity through the use of bivalent molecules. 
